for the bifunctional nucleoside triphosphate (NTP):5Ј-deoxyadenosylcobinamide (AdoCbi) kinase/GTP:5Ј-deoxyadenosylcobinamide-phosphate (AdoCbi-P) guanylyltransferase enzyme found in bacteria (CobU in S. enterica). This enzyme plays an essential role in Cba biosynthesis in bacteria, and its absence in the archaeal genomes suggested that a different protein performs this activity. The archaeal enzyme responsible for the synthesis of AdoCbi-GDP could also be bifunctional but distinct from CobU. Alternatively, two different proteins could have evolved to perform these functions, or selective pressures may have resulted in the elimination of one of the activities. The possibility of only requiring guanylyltransferase function can be supported by earlier results which suggest that the kinase activity of CobU is not required for de novo adenosylcobalamin (AdoCbl) biosynthesis in S. enterica (8) . Brushaber et al. (8) proposed that AdoCbi was not a de novo Cba intermediate based on the finding that the CobD enzyme of S. enterica decarboxylates threonine phosphate (Thr-P) to generate aminopropanol-phosphate (AP-P). These authors proposed that AP-P is attached to 5Ј-deoxyadenosylcobyric acid (AdoCby) by the cobinamide (CbiB) synthase enzyme to generate AdoCbi-P, not AdoCbi as previously thought (Fig. 1 ). If this idea were correct, there would be no need for an AdoCbi kinase activity during de novo AdoCbl biosynthesis. These authors also proposed that the well-documented kinase activity of CobU (24) would be required only for the salvaging of unphosphorylated Cbi from the environment ( Fig. 1) (8) .
This paper reports the identification of the NTP:AdoCbi-P nucleotidyltransferase from the methanogenic archaeon Methanobacterium thermoautotrophicum ⌬H, which is referred to as CobY. This enzyme was shown to have guanylyltransferase activity that converted AdoCbi-P to AdoCbi-GDP but lacked NTP:AdoCbi kinase activity. A plasmid carrying the wild-type allele of cobY complemented an S. enterica cobU mutant during de novo AdoCbl biosynthesis but failed to complement under growth conditions that demanded assimilation of exogenous Cbi. This was strong in vivo evidence that an AdoCbi kinase was not needed for Cba biosynthesis and that AdoCbi was not an intermediate of de novo AdoCbl biosynthesis.
MATERIALS AND METHODS
Bacterial strains. All S. enterica serovar Typhimurium LT2 strains used were derivatives of TR6583 (metE205 ara -9) . Overexpression of six-His-tagged CobY (H 6 CobY) protein was performed in Escherichia coli strain BL21(DE3) (Novagen, Madison, Wis.).
Synthesis of AdoCbi and AdoCbi-P. AdoCbi was synthesized using a modification of a previously reported protocol (24) . The reaction mixture contained 200 mM Tris-HCl buffer (pH 8.0) at 37°C, 5 mM MgCl 2 , 420 M CoCl 2 , 800 M ATP, and 150 M (CN) 2 Cbi in a final volume of 50 ml. The reaction mixture was made anoxic by bubbling with oxygen-free N 2 gas for 1 h at 25°C. A 1-h degassing period was used to ensure complete removal of molecular oxygen, since the Co [I] nucleophile is very reactive. Five-milliliter samples of the reaction mixture were added to anoxic serum vials containing 25 mg of potassium borohydride. The vial was incubated at 25°C for approximately 10 min or until the solution turned a grey-green color indicative of Co[III]3Co[I] reduction of Cbi (38) . Ten micrograms of purified ATP:corrinoid adenosyltransferase (CobA) enzyme isolated from S. enterica as described elsewhere (38) was added to each 5-ml sample, and the complete reaction was incubated at 37°C for 3 to 4 h while constantly flushing with oxygen-free N 2 gas. The reaction was terminated by exposing the reaction mixture to air to oxidize Co [I] . Particulates were removed by filtration using 0.2-m-pore-size, 25-mm-diameter disposable syringe filters (Nalgene, Rochester, N.Y.). The filtered reaction mixture was loaded onto a 5-ml LiChroprep RP-18 (EM Separations, Gibbstown, N.J.) column (6 by 1 cm) equilibrated with doubled-distilled water. The column was washed with 50 ml of double-distilled water, and AdoCbi was eluted within a 10-column volume 0 to 100% methanol linear gradient. Elution of AdoCbi was monitored using UV-visible spectroscopy to identify AdoCbi by its characteristic spectrum (data not shown).
AdoCbi-P was synthesized in a 500-l reaction mixture containing 100 mM Tris-HCl (pH 8.5) at 25°C, 25 mM MgCl 2 , 4 mM ATP, 400 M AdoCbi, and 40 g of purified CobU protein. The reaction mixture was incubated at 25°C for 2 h, and the reaction was stopped by heating the reaction mixture to 70°C for 10 min. AdoCbi-P was purified using the chromatographic procedure described above.
All manipulations during AdoCbi or AdoCbi-P synthesis and purification were performed in dim light to minimize photolysis of the C-Co bond. Quantitation of AdoCbi and AdoCbi-P was performed by conversion of both substrates to their dicyano derivatives and subsequent use of the molar extinction coefficient of (CN) 2 Cbi (ε 367 30,800 M Ϫ1 cm Ϫ1 ) in 0.1 M KCN, pH 10.0 (15). Authentic (CN) 2 Cbi was purchased from Sigma (St. Louis, Mo.).
Conditions for the in vitro assembly of AdoCbl by archaeal enzymes starting from AdoCbi or AdoCbi-P. Five grams of M. thermoautotrophicum ⌬H cells was resuspended in 10 ml of buffer A (50 mM Tris-HCl [pH 8.5] at 4°C, 1 mM dithiothreitol, 680 mM glycerol, 0.1 M NaCl, 1 mM EDTA, 0.2 mM phenylmethylsulfonyl fluoride). The cell suspension was passed three times through a French pressure cell at ϳ10 4 kPa. Soluble and insoluble materials were separated by centrifugation at 36,000 ϫ g for 30 min at 4°C in a Beckman J21 centrifuge. The supernatant was dialyzed extensively against buffer A at 4°C. NTP:AdoCbi kinase/NTP:AdoCbi-P nucleotidyltransferase activity assays were performed in 20-l reaction mixtures containing 90 g of protein, 50 mM Tris-HCl (pH 8.5) at 25°C, 10 mM MgCl 2 , 50 M AdoCbi, 2 mM GTP, 1 mM nicotinate mononucleotide, 0.1 mM 5,6-dimethylbenzimidazole, and 2 mM CTP, UTP, or ATP. Reaction mixtures were incubated for 4 h at 25°C. The reaction temperature of 25°C was chosen to slow the reaction. A kinetic analysis of the reaction would require an incubation temperature that would allow sufficient time for manipulations. This temperature is 25°C for CobU but has not been determined for CobY. Reactions were stopped by heating reaction mixtures to 98°C for 10 min followed by centrifugation at 14,000 ϫ g for 10 min to pellet denatured protein.
Detection of in vitro-synthesized Cbl. The presence of cobalamin (Cbl) in reaction mixtures was assessed using strain JE212 [metE205 ara-9 ⌬299(hisGcob)], a Cbl auxotroph. Five microliters of each in vitro AdoCbl assembly reaction mixture was spotted onto an agar overlay containing cells of strain JE212. Minimal medium (44) was supplemented with 11 mM glucose and 0.1 mM histidine. Growth of strain JE212 around the application site was indicative of the presence of Cbl. The same procedures for in vitro AdoCbl assembly and AdoCbl detection were used to assess AdoCbi-P nucleotidyltransferase activity, except that AdoCbi-P replaced AdoCbi and ATP, GTP, CTP, and UTP were tested individually. All reactions described above were performed under dim lighting.
Biochemical assays for GTP:AdoCbi-P guanylyltransferase activity. The assay for GTP:AdoCbi-P guanylyltransferase activity was a modification of previously reported protocols (5, 24) Intermediates and final product are identified by boxed abbreviations below each compound. Abbreviations: AP-P, aminopropanol phosphate; AdoCby, adenosylcobyric acid; AdoCbl, adenosylcobalamin; AdoCbi, adenosylcobinamide; AdoCbi-P, adenosylcobinamide-P; AdoCbi-GDP, adenosylcobinamide-GDP; Cbi, cobinamide; Me 2 Bza, 5,6-dimethylbenzimidazole; Thr-P, threonine phosphate. a 10-min incubation at 80°C. Samples were centrifuged for 30 s at 14,000 ϫ g in a Marathon 16KM microcentrifuge (Fisher, Itasca, Ill.), and 5 l of the reaction mix was spotted onto cellulose thin-layer chromatography (TLC) plates (PolygramCEL 400; Macherey-Nagel, Düren, Germany). Products and reactants were separated using ascending TLC with a solvent system of isobutyric acid-waterammonium hydroxide (66:33:1) (24, 27). The solvent front was allowed to migrate 10 cm; the TCL plate was dried and analyzed using a Storm 860 PhosphorImager (Molecular Dynamics, Sunnyvale, Calif.). All reactions described above were performed under dim lighting.
Amplification and cloning of cobY (ORF MTH1152). Primers MTH1152-NdeI (5Ј-AGGAGGATAAATCATATGAATAGGATGATG-3Ј) and MTH1152-HindIII (5Ј-TCTTCAAGCTTCCCCAGGATG-3Ј) were used to amplify open reading frame (ORF) MTH1152 from chromosomal DNA of M. thermoautotrophicum ⌬H (a gift from R. Wolfe, University of Illinois, Urbana-Champaign). The primer bases in boldface type changed from the reported sequence to introduce an NdeI or HindIII restriction site. The base underlined and in boldface type shows the change of the start codon from TTG to ATG. The amplified product was cloned directly into pGEM-T Vector System I as instructed by the manufacturer (Promega, Madison, Wis.) to generate plasmid pCOBY1. cobY was subcloned into plasmid pET-15b (Novagen) by way of a NdeI-SalI fragment of pCOBY1 ligated to the compatible overhangs of an NdeI-XhoI digest of plasmid pET-15b to generate plasmid pCOBY4. This resulted in the introduction of a six-histidine tag to the amino terminus of CobY. The same primers and amplified product were directly cloned into the T7 overexpression plasmid pT7-7 (39), using the NdeI and HindIII restriction sites to generate plasmid pCOBY3. Plasmids pCOBY3 and pCOBY1 were sequenced to ensure that no PCR-induced base changes had occurred. Two additional primers were used in this sequencing: MTH1152-Seq1 (5Ј-AACTCTGACCTCCCACTT3Ј) and MTH1152-seq2 (5ЈTCTGGTACTGCGACACA3Ј). All primers were from Integrated DNA Technology, Inc. (Coralville, Iowa).
Overexpression and purification of H 6 CobY. The H 6 CobY protein was overexpressed in E. coli strain BL21(DE3). Purification of H 6 CobY was achieved by nickel affinity chromatography as instructed by the manufacturer. Modifications were made to the elution conditions where elution of H 6 CobY was achieved by a linear gradient of 100 to 400 mM imidazole in elution buffer. Fractions containing H 6 CobY were pooled and dialyzed against 50 mM Tris-Cl (pH 8.0) at 4°C with 5 mM EDTA, 0.1 M NaCl, and 0.68 M glycerol for 4 h. Additional dialysis was performed against 50 mM Tris-Cl (pH 8.0) at 4°C with 1 mM dithiothreitol, 0.1 M NaCl, and 0.68 M glycerol for 12 h.
Complementation of cobU function by cobY. S. enterica strain JE873 is unable to synthesize AdoCbl de novo due to the deletion of the cobUST genes, the final three genes in the AdoCbl biosynthetic operon (30) . To test for complementation of Cbl biosynthesis, plasmids containing cobU ϩ (pJO52), cobY ϩ (pCOBY3), or the control plasmid (pT7-7) were transformed into derivatives of JE873 containing a plasmid encoding cobST ϩ (pJO30) or the control plasmid pSU18 (22) . The resulting strains were JE4750(pSU18/pT7-7), JE4751(pSU18/pCOBY3), JE4752(pSU18/pJO52), JE4753(pJO30/pT7-7), JE4754(pJO30/pCOBY3), and JE4755(pJO30/pJO52). Four independent colonies of each strain were patched onto Luria-Bertani-ampicillin (50 g/ml)-chloramphenicol (10 g/ml) agar, grown for 4 h at 37°C, and replica printed onto minimal medium agar plates containing ampicillin (25 g/ml) and chloramphenicol (5 g/ml), with or without 15 nM (CN) 2 Cbl. Plates were incubated for 16 h at 37°C anaerobically in an ANA-PAK system (Scott Laboratories, Inc., Fiskeville, R.I.), using a BBL GasPak anaerobic system (Becton Dickinson, Cockeysville, Md.). Growth of the strains after 16 h indicated de novo AdoCbl biosynthesis.
RESULTS
Archaea lack an orthologue of the S. enterica CobU enzyme. The protein coding sequences of the six sequenced archaeal genomes were analyzed for orthologues of known Cba biosynthetic enzymes from S. enterica and P. denitrificans, using the National Center for Biotechnology Information BLAST 2.0 and PSI-BLAST programs (1). The results obtained were similar to those previously reported (9, (17) (18) (19) (20) 35 ) (accession numbers AJ248283.1 and AP000063.1), with the additional identification of ORF PH0377 (Pyrococcus horikoshii), ORF AF2024 (A. fulgidus), ORF MJ0955 (Methanococcus jannaschii), ORF MTH1587 (M. thermoautotrophicum ⌬H), ORF PAB0026 (Pyrococcus abyssi), and ORF 2035 (Aeropyrum pernix) as the genes encoding orthologues of CobD, the Thr-P decarboxylase in S. enterica (8) .
Because of the essential role of cobamides in the metabolism of several archaea, it was not surprising to find that M. jannaschii, M. thermoautotrophicum ⌬H, and A. fulgidus contained orthologues to nearly all of the bacterial Cba biosynthetic enzymes (data not shown) (9, 18, 35) . In P. horikoshii, P. abyssi, and A. pernix, however, our search identified orthologues to only four or five AdoCba biosynthetic enzymes, suggesting that either these organisms are unable to perform complete de novo AdoCba biosynthesis or different Cba biosynthetic enzymes have evolved in these procaryotes. Our search indicated that none of the archaea encoded an orthologue of CobU, the bifunctional NTP:AdoCbi kinase/GTP:AdoCbi-P guanylyltransferase of S. enterica (30) . This result was intriguing because we found orthologues to biosynthetic enzymes that act immediately upstream and downstream of CobU in the Cba biosynthetic pathway.
M. thermoautotrophicum ⌬H contains NTP:AdoCbi-P nucleotidyltransferase activity but lacks NTP:AdoCbi kinase activity. NTP:AdoCbi kinase and NTP:AdoCbi-P nucleotidyltransferase activities were measured using a bioassay that detected the presence of AdoCbl in reaction mixtures containing either AdoCbi or AdoCbi-P as substrates for enzymes present in cell extracts (CE) of M. thermoautotrophicum ⌬H. If AdoCbl was synthesized in vitro, the Cbl auxotrophy of tester strain JE212 was corrected, resulting in growth around the point of application of the sample. AdoCbl synthesis was not detected in any of the reaction mixtures containing AdoCbi as substrate ( Fig.  2A) , suggesting that M. thermoautotrophicum ⌬H extracts were unable to convert AdoCbi to AdoCbl in vitro. In contrast, AdoCbi-P was converted to AdoCbl by the same CE regardless of the source of nucleoside monophosphate donor (Fig. 2B) , suggesting that M. thermoautotrophicum ⌬H contained AdoCbi-P nucleotidyltransferase activity. Possible explanations for the inability to synthesize AdoCbl from AdoCbi were the lack of AdoCbi kinase activity in the CE, lability of the kinase activity to oxygen inactivation, or enzyme inactivation due to the conditions used in the assay. Previous findings in S. enterica (8) made the first explanation attractive. Briefly, these findings suggested that the NTP:AdoCbi kinase activity of CobU is not required for de novo AdoCbl biosynthesis. If this idea were correct, the guanylyltransferase activity of CobU would be sufficient under conditions where growth of the cell depends on de novo synthesis of AdoCbl.
Identification of the gene encoding NTP:AdoCbi-P nucleotidyltransferase in archaea. To identify genes encoding NTP: AdoCbi-P nucleotidyltransferase activity, we took a comparative genomics approach. We analyzed ORFs encoded by the three or four genes on either side on an identified Cba biosynthetic enzyme orthologue for motifs that would be suggestive of nucleotidyltransferase function. This was rational given the common occurrence of clustering and/or operon organization Analysis of the M. jannaschii and M. thermoautotrophicum ⌬H genome sequences showed that genes encoding proposed Cba biosynthetic enzymes were distributed randomly throughout their genomes without notable clustering or operon organization (9, 35) . A. fulgidus, however, displayed significant clustering and possible operon organization of many of the Cba biosynthetic genes, but no ORF of interest was identified in this cluster (18) . Comparison of the location of genes flanking cobS-2 (AF2323) in A. fulgidus and cobS (PH0373) in P. horikoshii (Fig. 3) identified ORFs AF2321 (A. fulgidus) and PH0372 (P. horikoshii) as ORFs potentially encoding a previously unidentified Cba biosynthetic enzyme. This was based on their similarity to each other and their proximity to ORFs encoding the cobalamin(5Ј-phosphate) synthase (CobS in S. enterica) enzyme. Orthologues of ORFs AF2321 and PH0372 were also identified in M. thermoautotrophicum ⌬H (MTH1152) and M. jannaschii (MJ1117). The amino-terminal regions of all predicted proteins showed homology to the amino-terminal regions of sugar 1-phosphate nucleotidyltransferases (Fig. 4)  (43) , or XDP-sugar pyrophosphorylases, as they are more commonly referred to (7) . Recently, all four of these ORFs were placed together in a cluster of orthologous groups, and their homology to sugar 1-phosphate nucleotidyltransferases was noted (20) .
Recently, the genome sequences of two more archaea, Pyrococcus abyssi (R. Heilig; accession number AJ248283.1) and Aeropyrum pernix (T. Tanaka et al.; accession number AP000063.1), were released. Again, we did not find an orthologue of CobU in these archaea, but CobY orthologues were present in both organisms encoded by ORFs PAB2323 and (7); RffH, glucose-1-phosphate thymidylyltransferase (21) . Boldface residues are amino acids that show similarity in seven or more sequences. Boldface and underlined residues are amino acids conserved in all nine sequences. Superscript numbers indicated amino acid number in each protein.
APE2034, respectively, and show the same amino-terminal sequence similarity as sugar 1-phosphate nucleotidyltransferases (data not shown). In both cases, these ORFs were found near the gene encoding the CobS, CobD, and CbiB orthologues in each organism (Fig. 3) .
The H 6 MTH1152 protein has GTP:AdoCbi-P guanylyltransferase activity. To permit biochemical analysis of the protein encoded by MTH1152, the gene was cloned into a vector that introduced a hexahistidine tag at the amino terminus of the protein. This tagged protein (H 6 MTH1152) was subsequently purified to near homogeneity by nickel affinity chromatography (Fig. 5) . Purified H 6 MTH1152 was tested for GTP:AdoCbi-P guanylyltransferase activity by monitoring formation of the product AdoCbi-GDP. This product was detected only when AdoCbi-P was included in the reaction mixture (Fig. 6, lane E) . Heating the purified protein to 65°C for 10 min prior to starting the reaction did not abolish activity (data not shown). Since under these conditions CobU enzyme from S. enterica is inactivated within 30 s (M. G. Thomas and J. C. Escalante-Semerena, unpublished results), and since E. coli CobU enzyme is highly similar to S. enterica CobU (91% similarity, 82% identity), it was unlikely that the activity shown in Fig. 6 was due to background levels of E. coli CobU. This result strongly suggested that ORF MTH1152 of M. thermoautotrophicum ⌬H encoded the AdoCbi-P nucleotidyltransferase, hereafter referred to as CobY (encoded by the gene cobY). The specific activity of H 6 CobY for GTP:AdoCbi-P guanylyltransferase activity was 17 Ϯ 3 nmol/min/mg. Under identical assay conditions, CobU had a specific activity of 194 Ϯ 6 nmol/min/mg. It is difficult to compare these activities directly because the optimal assay conditions for CobY activity are yet to be determined. It is anticipated that the optimal activity for CobY would be obtained at 65°C, the physiologically relevant temperature for M. thermoautotrophicum ⌬H, not 25°C as tested here. Furthermore, as will be discussed in more detail below, the enzymatic mechanisms and structures of CobU and CobY are anticipated to be very different, thereby complicating direct comparison of the their activities. Even though we showed that CobY had guanylyltransferase activity, we refer to the enzyme as an NTP:AdoCbi-P nucleotidyltransferase until a more thorough substrate specificity analysis is performed.
H 6 CobY was also tested for direct transfer of GDP from GTP to AdoCbi. If CobY catalyzed this transfer, the need for an NTP:AdoCbi kinase would be eliminated. H 6 CobY did not produce any detectable AdoCbi-GDP under the following substrate and enzyme concentrations: 135 M AdoCbi, 100 M GTP, and 0.6 g of H 6 CobY (data not shown). Additionally, H 6 CobY did not have any detectable NTP:AdoCbi kinase activity when either 100 M ATP or GTP was used as a ␥-phosphate donor, suggesting that this enzyme was not bifunctional (data not shown). Similar results were found when assaying CE of E. coli that expressed CobY without the hexahistidine tag; therefore, the presence of the affinity tag does not appear to affect CobY activity.
cobY complements an S. enterica cobU mutant. Identification of CobY as an NTP:AdoCbi-P nucleotidyltransferase that does not have NTP:AdoCbi kinase activity allowed us to assess the hypothesis that in S. enterica, the NTP:AdoCbi kinase activity is not required for de novo AdoCbl biosynthesis. To test this hypothesis, we used an S. enterica strain that carried two relevant mutations. First, the cobU, cobS, and cobT genes were deleted, abolishing the strain's ability to perform the late steps of AdoCbl biosynthesis (Fig. 1) . Second, the strain had a mutation in metE, the Cbl-independent methionine synthase, thus rendering growth of the strain dependent on the Cbl-dependent methionine synthase, MetH. Growth on medium lacking methionine would indicate that de novo Cbl biosynthesis was restored in the strains tested.
A plasmid containing a wild-type allele of cobY or cobU was introduced into this strain in the presence or absence of plasmid pJO30 (cobST ϩ ). Expression of cobU (from plasmid pJO52) and cobY (from plasmid pCOBY3) was under the control of the T7 promoter and ribosome-binding site. It was assumed that residual expression of these genes in the absence of T7 RNA polymerase would allow us to assess complementation. Under anaerobic growth conditions, where de novo AdoCbl biosynthesis can occur in S. enterica, complementation of AdoCbl biosynthesis was observed when either cobY or cobU was provided in trans (Fig. 7) . Under aerobic growth conditions (where AdoCbi synthesis does not occur, but Cbl can be synthesized from exogenously supplied Cbi), only the strain containing the plasmid carrying cobU ϩ was able to synthesize AdoCbl from exogenously supplied Cbi (data not shown). This result was consistent with the finding that cobY did not have AdoCbi kinase activity. This was the first in vivo evidence suggesting that de novo AdoCbl biosynthesis in S. enterica does not require the AdoCbi kinase activity, in good agreement with the model that the NTP:AdoCbi kinase activity of CobU functions in Cbi salvaging (8) . Lack of complementation by cobY ϩ was not due to sensitivity of CobY to oxygen inactivation, because the same strain grew under aerobic conditions on medium where cobyric acid substituted for Cbi Our working hypothesis predicts this should be the case, since cobyric acid should be converted to AdoCbi-P, not AdoCbi. Generation of AdoCbi-P renders the lack of a kinase activity in CobY irrelevant.
DISCUSSION
The Cba biosynthetic enzyme in the methanogenic archaeon M. thermoautotrophicum ⌬H that catalyzes the conversion of AdoCbi-P to AdoCbi-GDP has been identified. Biochemical and genetic data strongly support the conclusion that this enzyme, referred to as CobY, is the nonorthologous replacement of CobU GTP:AdoCbi-P guanylyltransferase activity. CobY, however, does not possess the NTP:AdoCbi kinase activity also seen with CobU (24, 41) and its orthologue in P. dentrificans (5) . Interestingly, under the assay conditions tested, NTP: AdoCbi kinase activity could not be detected in CE of M. thermoautotrophicum ⌬H, suggesting that this species may not possess this activity. The finding that cobY complemented an S. enterica cobU mutant supports the previously proposed model that NTP:AdoCbi kinase activity is not required for de novo AdoCbl biosynthesis. These findings strongly support the idea that relevant Cbi intermediates during Cba biosynthesis in S. enterica, and most likely M. thermoautotrophicum ⌬H and other procaryotes, are AdoCbi-P and AdoCbi-GDP, not AdoCbi as previously thought.
CobU and CobY are nonorthologous enzymes. Comparison of the amino acid sequences of CobU and CobY gave the first evidence that CobU and CobY do not share a common ancestor. In support of this conclusion, biochemical analysis of CobU determined the enzyme catalyzes GTP:AdoCbi-P guanylyltransferase activity via a double displacement mechanism wherein CobU first forms a covalently linked CobU-GMP intermediate and subsequently transfers the GMP moiety onto AdoCbi-P (24, 41) . CobY, however, shows amino acid sequence similarity with a superfamily of enzymes that have been studied extensively and proceed via a single displacement mechanism (12) . It is anticipated that CobY will form a tertiary complex with GTP and AdoCbi-P followed by direct transfer of the GMP moiety to AdoCbi-P without an enzyme-linked intermediate. In support of this, initial attempts to detect a CobY-GMP intermediate were unsuccessful (data not shown). Therefore, the enzymatic mechanism of AdoCbi-P nucleotidyltransferase activity of CobU and CobY are likely different.
Further support for the conclusion that CobU and CobY have distinct evolutionary origins comes from the structural analysis of CobU (41, 42) and the structural analysis of GlmU (7), a member of the sugar 1-phosphate nucleotidyltransferase superfamily, to which CobY belongs. CobU was found to be structurally and topologically similar to the RecA protein from E. coli (42) . The topology of these proteins is, to date, restricted to these two enzymes (42), although they have a Rossmann fold commonly found in nucleotide-binding proteins (28) . This suggests that CobU and RecA share a common nucleotide-binding ancestor. CobY, on the other hand, will most likely be structurally and topologically similar to the nucleotidyltransferase domain of GlmU. This domain, while having a fold similar to a Rossmann fold, is topologically and structurally distinct from CobU. In fact, structural homologues of the nucleotidyltransferase domain of GlmU could not be found (7) . Therefore, CobY does not share a common ancestor with CobU. Further biochemical and structural analysis of CobY is in progress. Why have two enzymes evolved to catalyze the same reaction? Since cobY complements an S. enterica cobU mutant, this bacterium, and likely other Cba-synthesizing bacteria, does not require NTP:AdoCbi kinase activity during de novo AdoCbl biosynthesis. Then, what is the function of the kinase activity of CobU? And why would M. thermoautotrophicum ⌬H and other archaea not have a comparable NTP:AdoCbi kinase? One hypothesis that has been put forward for S. enterica is that the kinase activity of CobU is essential during the assimilation of exogenous Cbi, not during de novo synthesis (8) . The in vivo data reported herein support this conclusion since cobY complemented a cobU mutant during de novo AdoCbl biosynthesis but not during Cbi assimilation. It could be hypothesized that M. thermoautotrophicum ⌬H, and possibly other archaea, cannot assimilate exogenous Cbi because it lacks NTP:AdoCbi kinase activity. A report in the literature appears to contradict this conclusion (37) . Stupperich et al. showed M. thermoautotrophicum Marburg can assimilate exogenous Cbi into Co␣-(5-hydroxybenzimidazolyl)cobamide (37) , the endogenous Cba of this archaeon. These results suggest that the Marburg strain may contain the AdoCbi kinase activity that was not detected in the ⌬H strain. This apparent assimilation of cobinamide, however, could be achieved via an alternative pathway that circumvents the need for an AdoCbi kinase enzyme. For example, the 1-amino-2-propanol moiety of AdoCbi may be removed by an amide hydrolase, generating AdoCby, which would be converted to AdoCbi-P by the addition of AP-P by the cobinamide-phosphate synthase (Fig. 1) . The resulting AdoCbi-P product would enter the pathway to Co␣-(5-hydroxybenzimidazolyl)cobamide (Fig. 1) . Current work is exploring these possibilities. Complementation was assessed by introducing plasmids into strain JE873, a Cbl auxotroph, containing cobY or cobU in the presence or absence of a plasmid containing cobST. Plate A was incubated under conditions that demanded de novo AdoCbl biosynthesis; plate B shows the growth response to exogenously added Cbl. The genotypes of the plasmids carried by each strain are indicated in the center. Plates show four independent colonies of each strain tested.
